The double-stranded (ds) DNA viruses of hyperthermophilic Crenarchaeota exhibit remarkably diverse morphotypes and genome structures and, on the basis of these, they have been assigned to five new viral families: spindle-shaped Fuselloviridae, filamentous Lipothrixviridae, rod-shaped Rudiviridae, droplet-shaped Guttaviridae, and spherical Globuloviridae (8, 16, 17) .
The Lipothrixviridae is, so far, the most diverse family with respect to phenotype and genotype, and it has been subdivided into three genera (22) : Alphalipothrixvirus, containing TTV1, TTV2, and TTV3 from Iceland (10) , Betalipothrixvirus with SIFV from Iceland (2) , and Gammalipothrixvirus represented by AFV1 from Yellowstone National Park (3). Here we describe the structural and genomic properties of a novel member of the lipothrixviral family, AFV2, isolated from a hot, acidic spring (93°C, pH 2) in a solfataric field in Italy. We propose assignment to a new genus of this family.
Virus purification. A sample collected at Pozzuoli was enriched at 75°C, pH 3, as described earlier for thermophilic cultures (18, 26) . A novel species was isolated from the enrichment which belongs to the crenarchaeal genus Acidianus, Acidianus sp. strain F28, by plating on Gelrite (Kelco, San Diego, Calif.) containing colloidal sulfur (3). A filamentous virus was observed in the late exponential culture using transmission electron microscopy. Virions were purified from the supernatant of a cell-free culture by precipitating with polyethylene glycol 6000 (3). They yielded a sharp, bluish-white, opalescent band with a buoyant density of about 1.3 g/ml in a CsCl gradient. The virus was termed Acidianus filamentous virus 2, AFV2.
Virion structure. Filamentous virions of AFV2 are 1,100 Ϯ 50 nm long and 24 Ϯ 1 nm wide (Fig. 1A) , and morphotypically they resemble members of the family Lipothrixviridae. Moreover, on treatment with 0.1% sodium dodecyl sulfate (SDS) for 1 min, the virion width was reduced to 17 Ϯ 1 nm (Fig. 1B) and an envelope was observed encasing a viral core, as occurs for all known lipothrixviruses. However, the structure of the viral core exhibited no regular structure on its surface and, thereby, differs from both the nucleoprotein complex of the alphalipothrixvirus TTV1 (27) and the nucleosome-like arrangement of the betalipothrixvirus SIFV (2) .
In order to characterize the termini, virions were analyzed by electron tomography (7) . For this, negatively stained samples were mounted in a high-tilt grid holder (6) and a tilt series was recorded at a calibrated (19) magnification of ϫ34,000 or ϫ44,000 at about Ϫ1 m defocus, at room temperature under low-dose conditions, with a tilt range of Ϫ70°to ϩ70°with a 2°i ncrement. After aligning the tilted projections, the three-dimensional (3D) reconstruction was performed by weighted back-projection using an EM software package (9) . Visualization of the 3D volume was done using the Amira software package (Mercury Computer Systems, Düsseldorf, Germany). The results showed that each virion end constitutes a complex collar with two sets of filaments, resembling a bottle brush with a solid round cap 17 nm in diameter on its top ( Fig. 1C to E ). This terminal structure, which is modeled schematically on the whole virion in Fig. 2 , has not been previously observed in a virus.
It seems likely that the virion termini participate in cellular adsorption and, since the host cells are devoid of pilus-like structures, it is likely they attach directly to the cell surface (2). However, extensive efforts to provide evidence for the direct attachment of AFV2 virions to host cells using electron microscopy failed.
Virion composition. Seven proteins with apparent molecular masses of 6, 26, 35, 40, 45, 50, and 65 kDa were detected in AFV2 virions using SDS-polyacrylamide gel electrophoresis (21) (not shown). No lipids were detected after extracting with chloroform-methanol (volume ratio, 1:1) and subjecting to thin-layer chromatography using conditions identical to those that yielded lipids from virions from other crenarchaeal viruses (2, 3, 8, 20) .
Host range and virus-host relationships. The host range of AFV2 was tested by attempting to propagate the virus in species related to its natural host. Purified virus was added to cultures of Acidianus infernus, Acidianus brierleyi, Acidianus ambivalens, "Acidianus hospitalis" (3), Sulfolobus solfataricus, and Sulfolobus islandicus, but no viral propagation was observed by electron microscopy in supernatants of these cultures.
On production of AFV2, neither cell debris nor a decrease in cell density was observed in the growing culture of Acidianus sp. strain F28, and we inferred, therefore, that replication of the virus did not produce cell lysis. Moreover, infected host cells were not cured of the virus after five successive transfers into fresh medium (dilution, 1:1,000) and continuous growth for 2 months. Furthermore, treatment of infected cells with mitomycin C (0.5 g/ml) or UV irradiation did not increase virus production when monitored by electron microscopy. Thus, in its virus-host relationship, AFV2 resembles other known viruses of hyperthermophilic and acidophilic archaea which exist intracellularly in a stable carrier state and are nonlytic.
Genome organization. Nucleic acid isolated from the virions (3) was insensitive to RNase A but digestible by type II restriction endonucleases, consistent with it being dsDNA. Therefore, a clone library was prepared in pUC18 and the genome was sequenced with an approximately fivefold coverage, as described earlier (8) . Remaining sequence ambiguities were resolved by generating and sequencing PCR fragments amplified from appropriate regions of the viral DNA. Terminal regions of the viral genome were not represented in the clone library, as we have observed for other linear viral genomes (3, 8, 13, 14) . Given the low amounts of genomic DNA that were available (Ͻ1 g purified DNA), the ends (1 to 2 kb at each end) were sequenced by primer walking on AFV2 DNA amplified with the GenomePhi kit (Amersham Biotech), and the termini were defined as the points at which sequence reads An open reading frame (ORF) map was constructed using MUTAGEN (5), and start codons (79% AUG, 11% GUG, and 9% UUG), TATA-like promoter motifs, and/or Shine-Dalgarno motifs were assigned as described earlier (8) (see Table  S1 in the supplemental material).
A map for the whole viral genome containing 51 putative ORFs (Ͼ40 amino acids) is presented in Fig. 3 . About 70% of these are arranged in putative operons (see Table S1 in the supplemental material), and about 40% of the genes are predicted to generate transcripts that are leaderless or carry very short leaders (3, 23, 24) . Searches against public sequence databases (1) revealed eight ORFs which are homologous to other lipothrixviral ORFs from the genera Sulfolobus and Acidianus ( Fig. 3 ; see also the supplemental material), but only three genes were assigned functions on the basis of sequence matches with public databases (Table 1) .
A tRNA Lys gene is present in the central part of the genome (Fig. 3) , the first to be detected in a crenarchaeal viral genome, and it contains a 12-bp archaeal intron which can generate a "bulge-helix-bulge" splicing junction, where host-encoded splicing enzymes act (11) . This intron is smaller than other known tRNA introns (11) but has the same size as putative introns discovered in ORFs of the rudiviruses SIRV1 and SIRV2 (14) . The AAG codon of tRNA Lys is one of two used by the Acidianus viruses for lysine. Moreover, it is used approximately 40% more frequently in AFV2 than in the other known Acidianus virus, ARV1, with the same host specificity (25) , suggesting a possible rationale for the presence of this tRNA Lys gene in the AFV2 genome. The genome contains an unusual 1,008-bp region extending from positions 8608 to 9615 flanked by ORF67 upstream and by ORF66 and ORF83 downstream. It carries two large 46-bp direct repeats and multiple imperfect short repeats throughout the region, and its base composition is strongly biased, with one DNA strand containing only 7% guanosines. The region is bordered by the inverted repeat GTCACTGACATAATA.
The lack of detectable sequence symmetry between the terminal regions of the linear AFV2 genome contrasts with the genomes of the crenarchaeal rudiviruses, which carry large inverted terminal repeats and apparently replicate by a selfpriming mechanism generating head-to-head and tail-to-tail intermediates (13) . A very short, 11-bp-long inverted repeat, CG 10 , is present at the termini of the gammalipothrixvirus AFV1 (3). The terminal repeat at each end is preceded by a 300-bp region consisting of many direct repeats of the pentanucleotide TTGTT or close variants thereof, resembling the arrangement of telomeric ends of linear eukaryal chromosomes (3). The replication mechanism for this virus remains unclear. For the alphalipothrixvirus TTV1 (12) and the betalipothrixvirus SIFV (2), the terminal sequences of their genomes were not determined, although recent partial sequencing of the SIFV genomic ends provided evidence for a large inverted terminal repeat (13) .
Considering the likely diversity of replication mechanisms for linear double-stranded DNA genomes of crenarchaeal viruses, we cannot exclude that replication of AFV2 is initiated internally in the genome, as has been observed for some bacterial linear genomes (15) . If so, then the 1,008-bp region containing extensive sequence repeats, near the center of the viral genome (Fig. 3) , may constitute a replication initiation site.
In conclusion, we propose classifying AFV2 in a new genus, "Deltalipothrixvirus," of the family Lipothrixviridae. The unusual terminal and core structures, apparent lack of lipids, and exceptional genomic structure all help to distinguish it from the other genera. Moreover, these novel properties provide new evidence for the broad diversity of dsDNA viruses from the hyperthermophilic crenarchaea (17, 18) , and the implications of these observations promise to enhance our understanding of the origin and evolution of viruses in general.
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